Water-soluble low molecular weight β-glucan (WSLMG) was successfully prepared via γ-irradiation of insoluble β-glucan extracted from brewer's yeast cell walls. The WSLMG content in an irradiated sample increased as the irradiation dose increased. The WSLMGs with a molecular weight (Mw) of 49, 25, and 11 kDa, obtained at correlative doses of 100, 200, and 300 kGy, respectively, were tested using growth promotion and immune stimulant effects in broilers. Supplementation with 500 ppm WSLMGs not only increased the survival rate (33.3%) and average body weight (40%) but also reduced the feed conversion rate (35.4%) in tested broilers. In addition, WSLMGs enhanced both nonspecific and specific immune components in the blood of supplemented broilers. The WSLMG with Mw~25 kDa showed the highest effect on the growth performance and immunomodulatory capability in the immune systems of the tested broilers. In conclusion, this product demonstrates substantial promise as an immunostimulant and growth-promoting additive for poultry.
Introduction
1-3-β-Glucan, a composite of glucose units linked together to form a long polymer chain, is found in the cell walls of fungi, bacteria, and plants [1] [2] [3] . Although it is produced from microbes including yeast, mushrooms, bacteria, and from other sources such as seaweeds, cereals, and legumes, β-glucan extracted from yeast cell walls consists of a long chain of approximately 1500 β- [1] [2] [3] [4] . Yeast β-glucans have been widely used in the food industry for production of salad toppings, sauces, yogurts, soft doughs, etc. [5, 6] . The well-known, specific bioactivities of this polymer enhance the host's immune function, leading to antitumour and antimicrobial activities. β-Glucan isolated from yeast has been demonstrated to stimulate responses, tolerance to oral antigens and antimicrobial activity in several types of animals, such as pigs [7, 8] , fish [9] , mice [10, 11] , shrimp [12] , and broilers [13] . Furthermore, this biopolymer also displays a stimulatory effect on the growth of pig, fish, shrimp, and chicken [8, 9, 12, 13] . Moreover, low molecular weight (Mw) products from this natural polysaccharide have been shown to have stronger stimulation effects on immune activity in mice [14] .
-D-glucose units based on the backbone of β-(1→3)-linked β-D-glucopyranosyl units with β-(1→6)-linked side chains of various lengths and distributions
For degradation of polysaccharides, conventional methods have been used, including acidic treatment [15, 16] and enzymatic hydrolysis [17, 18] . These two methods have been demonstrated to decrease molecular size, but a number of disadvantages, including issues related to product purification, waste treatment, low yield, and high cost, still remain [19, 20] . Gamma irradiation has been proposed as a useful method for degradation of natural polysaccharides, such as cellulose, alginate, and chitosan, via cleaving of glycosidic bonds in the polymer chain [21] [22] [23] . The main advantages of radiation degradation for natural polysaccharides include the ability to forego chemicals or special conditions, ease of control, large-scale application, high degradation yield, and low cost [21] . Although this technology is unique and environmentally friendly, low Mw β-glucan products have previously been prepared using chemical hydrolyses or enzymatic digestion [24] [25] [26] [27] , and research on degradation of β-glucan by ionizing radiation is limited. Hence, the purpose of the present study was to apply the γ-ray irradiation method for degradation of β-glucan extracted from brewer's yeast to prepare WSLMG products. Additionally, the resulting product was tested as a feed additive for broilers with the aim of enhancing growth promotion and immunostimulant effects.
Materials and Methods
2.1. Materials. Spent brewer's yeast slurry (a strain of Saccharomyces carlsbergensis) with approximately 10.3% dried solid content was obtained from Saigon-Binhduong Brewery, Saigon-Binhtay Bear Joint stock company, Ho Chi Minh City, Vietnam. Chicks (Gallus gallus domesticus) with an average body weight of approximately 210 g were supplied by Ho Chi Minh City University of Agriculture and Forestry. The chicks were examined for signs of disease, and all were considered healthy, as they lacked clinical abnormalities. Feedstuffs (Con Co 235) consisted of 1.6% crude protein, 6% cellulose, 1.5% calcium, and 0.5% salt and were purchased from Viet Phap Proconco Joint stock company, Vung Tau, Vietnam. All chemicals and reagents were obtained from Sigma Chemical Co., St. Louis, MO, USA, unless otherwise stated. The kit for analysing β-glucan (K-YBGL) was supplied by Megazyme International Ireland Ltd.
Preparation of Brewer's Yeast Cell Walls.
After collection from the factory, spent brewer's yeast slurry was heated to boil in 5 min and used to kill the yeast cells. The boiled yeast slurry was then centrifuged at 4500 × g for 10 min to collect the yeast cells. After being washed three times with deionized water, the collected yeast cells were kept at 50°C for 24 h for autolysis [28] . The autolysated solution was then centrifuged at 4500 × g for 10 min to retrieve brewer's yeast cell walls with a dried solid yield of approximately 27.9% (w/w). The wet yeast cell walls were kept at 4°C for additional treatments.
2.3. Optimization of Brewer's Yeast β-Glucan Preparation 2.3.1. Effect of NaOH Concentration. Suspensions of 100 g of wet yeast cell walls suspended in 500 ml NaOH with various concentrations (1, 2, 3, and 4%, w/v) were heated at 90°C for 9 h with a continuous stirring condition and then stopped through cooling to room temperature. The reacted suspensions were centrifuged at 4500 × g for 10 min, and the supernatant was removed. The crude solid residue was washed three times with 500 ml of distilled water and recovered by centrifugation (as described above), followed by triple digestions with hydrochloride acid (2.45, 1.75, and 0.94 M) at 90°C [29] . The digested residue was then washed sequentially by diethylether, ethanol, and deionized water. After the removal of all soluble components, β-glucan was left as an insoluble residue.
2.3.2. Effect of Extraction Time, Temperature, and the Sample Ratio. For optimization of the sample to the NaOH solution ratio in the other extraction mixture, the condition was replicated with the aforementioned procedure except the NaOH concentration was 3% with a varied ratio of sample/alkaline solution of 1 : 3, 1 : 5, and 1 : 7 (w v). To study the effect of extraction time, the extraction times were varied at 3, 4, 6, 9, and 12 h. To explore potential temperature effects, the extraction temperatures were varied at 80, 90, and 100°C.
Chemical Assays.
Crude protein of β-glucan samples was measured using the micro-Kjeldahl method, and calculation for the protein content was done by multiplying the total nitrogen by 6.25 (AOAC, 1997). β-Glucan content was analysed via a K-YBGL kit using glucose as a standard, with the procedure performed according to the manufacturer's protocol. All measurements were repeated three times on each sample, and the results are reported as the average based on a dry matter basis.
Irradiation of the β-Glucan
Sample for Degradation. To irradiate the β-glucan sample by gamma rays, 10 g of β-glucan powder was suspended in 100 ml of deionized water and kept overnight at room temperature for swelling and then was stirred for 3 h to prepare a 10% (w/v) suspension mixture. The β-glucan mixture was transferred into a 100 ml duran bottle with a screw cap before exposing to a Co-60 source (Gamma cell GC-5000, BRIT, India) for irradiation. The applied doses for degradation of β-glucan samples were designed in a range of 100 to 300 kGy with a dose rate of 3 kGy/h. 2.6. Water Solubility Determination. The water solubility of irradiated β-glucan was conducted by the method described by Byun et al. [30] . The irradiated samples were first freeze-dried right after irradiation. Following this, 5 g of irradiated samples was put into a 50 ml glass tube with 25 ml of deionized water; the tube was then capped and vortexed for 20 min before being centrifuged at 4500 × g for 20 min. The supernatant was collected and dried at 100°C for 2 h and weighed for examination of the dried water-soluble β-glucan products in the supernatant. Water solubility was calculated as follows: water solubility % = 100 × weight of dried sup ernatant / weight of initial irradiated β-glucan powder).
Mw Determination.
In this study, changes in the average molecular weight (Mw) of β-glucan by γ-irradiation were determined via gel permeation chromatography (GPC) using an Agilent 1100 GPC system (USA) equipped with a detector (RID G1362A) and a bin pump (G1312A). Ultrahydrogel Column models 250 and 500 from Waters (USA) (7 8 id × 300 mm), equipped with a guard Ultrahydrogel 2
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Column from Waters (USA) (6 id × 40 mm), were used for monitoring. The β-glucan sample concentration was 0.1% (w/v), and 20 μl of sample solution was loaded into the GPC system. Samples were processed at 40°C and eluted with distilled water at a flow rate of 1.0 ml/min.
FTIR (Fourier Transform IR) Measurement.
Fourier transform infrared (FTIR) spectroscopy of irradiated β-glucans was performed at ambient temperature using a Shimadzu FTIR-8100A spectrophotometer linked with a Shimadzu DR-8030 computer system. Samples were prepared in a KBr pellet formed by well-dried mixtures of 3 mg samples and 100 mg of KBr. All spectra obtained were the results of 128 scans at a spectrophotometer resolution of 4 cm -1 in the wavelength region between 4000 and 400 cm -1 . For determination of the peak intensity, the spectrum of each sample was made a baseline correction before calculation by an IR solution software.
Testing in Broiler
Chickens. Two-week-old chicks with an average body weight of approximately 210 g/head and in healthy condition were fed daily with commercial diets supplemented with or without β-glucan (as testing or control chickens, respectively). Each treatment was conducted with 30 chicks and 3 replicates. The effects of β-glucan on the growth and immune response of the chickens were investigated by supplementation with 500 ppm unirradiated β-glucan and samples irradiated at doses in the range of 100 to 300 kGy. Tests for concentration effects were performed by feeding the chicks with 250-1000 ppm WSLMG with Mw 25 kDa. After 8 weeks, the chicks' body weights were determined to calculate the average weight gain and feed conversion rates (FCR). The meat quality indexes of tested chickens such as eviscerated rate, carcass yield, thigh yield, and chest yield were further determined by the veterinary hospital at Ho Chi Minh City University of Agriculture and Forestry. All animal experiments were conducted according to the ethical guidelines issued by Ho Chi Minh City University of Agriculture and Forestry.
2.10. Determination of Cellular Immunity Indexes. The blood of chickens, after the chicks were fed with and without various Mw β-glucans for 8 weeks, was collected and put into heparin-containing tubes for analysis. Cellular immunity indexes, such as total leukocyte, lymphocytes, and neutrophils in blood, were analysed using an automatic haematology analyser, 18-parameter Celltac α (Nihon Kohden, Japan).
2.11. Antibody Assay. Blood samples collected from tested chickens were analysed for specific antibodies related to anti-Newcastle disease virus (NDV), anti-infectious bursal disease virus (IBDV), and anti-infectious bronchitis virus (IBV) at the veterinary hospital at the University of Agriculture and Forestry. The NDV antibody of chickens was studied by determination of the antibody response of chickens using a hemagglutination inhibition test [31] . The IBDV antibody in the serum of birds was determined by using a commercial IBDV-ELISA kit (Synbiotics IBD ProFLOK1, Synbiotics Corporation, USA), which detects anti-IBDV antibodies of the IgG type. The IBV antibody in plasma of the chickens was detected individually by antigen-specific ELISA using an Infectious Bronchitis Antibody Test Kit CK119 (BioChek, USA).
All experiments were carried out in triplicates, and data were analysed using ANOVA (analysis of variance). The means were compared using the least significant difference (LSD) at a 5% probability level, and the standard deviations were calculated. ANOVA and Fisher's protected least significance difference test were used to distinguish differences between means. Significance was assumed at P < 0 05.
Results and Discussion
3.1. Optimum Condition for Extracting β-Glucan. It can be seen from Figures 1(a), 1(b) , and 1(c) that the concentrations of NaOH, temperature, and time of reaction were strongly related to the extraction yield and β-glucan content of the crude product. The increase in the NaOH concentration in the extraction solution, temperature, and time of reaction led to a decrease in crude product yield and protein content, while the content of β-glucan in crude product increased as the aforementioned extraction factors increased. In addition, the results in Figure 1(d) indicated that the reduction in the ratio between wet weight of yeast cell walls and volume of alkali solution led to the decrease in crude product yield and protein content and to an increase in β-glucan content in the crude product. These results align with those reported by Suphantharika et al. [12] . The optimal conditions for extraction of brewer's yeast, S. carlsbergensis, can be summarized as follows: NaOH concentration of 3%, temperature of 90°C, reaction time of 9 hr, and a ratio between wet weight of yeast cell walls and NaOH solution of approximately 1 : 5 (w/v). By extracting with these optimum conditions, the extraction yield of β-glucan product was about 16.13%. The final product was water insoluble, and the contents were 91.78% β-glucan and 1.41% protein. This β-glucan product is comparable to the brewer's yeast β-glucan samples previously reported [29, 32] .
Change in Water Solubility and Mw of β-Glucan by
Irradiation. The β-glucan product derived from yeast cell walls is water insoluble, creating a substantial barrier to utilization. Thus far, to prepare the water-soluble β-glucan, several researchers have modified its structure by sulfation, phosphorylation, and carboxylmethylation [24, 29, 33] . Additionally, reducing the molecular size of this polymer by degradation is another method for induction of the water-soluble β-glucan. Polysaccharides can be easily degraded in several forms such as in solution or solid states, and the degradation yield of samples in solution has been found to be higher than that in the solid state. Doses up to 500 kGy and sometimes even up to 1000 kGy have been used for degradation of chitosan and alginate in solid powder [34] [35] [36] [37] , while the dose up to 200 kGy has been applied for irradiation of alginate, chitosan, and carrageenan solutions [38, 39] . In this study, the doses in the range of 100 to 300 kGy were applied for investigating the degradation of water-insoluble β-glucan in suspension 3 International Journal of Polymer Science condition (swollen state). The results in Figure 2 suggested that the water-soluble content in the sample irradiated at 100 kGy was approximately 25.89%, and this value increased to 66.71% in the sample irradiated at 300 kGy. The results in Figure 2 also showed that the Mw of water-soluble β-glucan from the sample irradiated from 100 to 300 kGy decreased from 49 to 11 kDa, respectively. Thus, it can be seen that the irradiation dose played a key role in reduction of β-glucan Mw. These results are in agreement with those of Byun et al. [30] , Methacanon et al. [32] , and ours previously [40] , which reported that gamma irradiation could cause an increase in water-soluble content and decrease in the Mw of β-glucan in solutions.
FTIR Analysis.
The FTIR spectroscopy technique has been demonstrated as a useful method for monitoring structural changes in biopolymers [41, 42] . The FTIR spectra of irradiated β-glucan are presented in Figure 3 . These results are distinguished by the increase in peak intensity at 1731 cm -1 assigned to C=O linkages in the end group. It can be seen clearly that only a weak shoulder at 1731 cm -1 appears in the spectrum of the native β-glucan, while peaks at this wave number appear in the spectra of irradiated samples, and the peak intensity is increased by the increase of the irradiation dose. Furthermore, the results in Figure 4 show that the ratios between the intensity of the peak, which appears at 1156 cm -1 assigned for C-O-C glycosidic linkages, and the intensity of the peak at 1040 cm -1 assigned for C-C linkages were proposed to be almost unaffected by irradiation [41, 43] and were reduced by increasing the irradiation dose. International Journal of Polymer Science This is an evidence that gamma radiation causes scission of the molecular chain of β-glucan at glycosidic linkages. There are several papers reported on degradation of cellulose and its derivatives by γ-rays irradiation proving that the characteristic effect of radiation on natural polysaccharides, whatever the conditions, is degradation due to scission of glycosidic bonds by radiation and not other changes in the structure of polymer molecules. In aqueous solution, the radicals ( ⋅ OH) from irradiated water must be responsible for the degradation of polysaccharides [41, 44] , and polysaccharides are typical degradable materials under ionizing radiation through the β-(1-4) or β-(1-6) glycosidic bond cleavage resulting in the reduction of their molecular weights. The main mechanism for degradation of polysaccharides by radiation can be described in the following equation:
In general, hydroxyl radical reacts with polysaccharide macromolecules (R-H) exceedingly rapid for abstracting a C-bonded H atom and generating R ⋅ radicals. These radicals then undergo further reactions to generate lower Mw fragments of the main chain after scission (F ⋅ 1 , F 2 ) before ending up.
Thus, the differences in form of particular polysaccharides affect not only to their radiation processing but also to degradation efficiency. In the case of irradiation in the powder state, free radicals (R ⋅ ) are formed mainly by disruption of C-H linkages. In the case of irradiation with the presence of water (in solution or swollen condition), the primary free radicals ( ⋅ OH) are formed from irradiated water, and the ⋅ OH radical is a much more powerful oxidant for disruption of the glycosidic linkages. Therefore, the degradation yield of polysaccharide irradiates in swollen condition is higher than that irradiates in the solid state but lower than that irradiates in solution. The above mechanism can be used for explaining why the applied doses (100-300 kGy) for degradation of the swollen β-glucan sample in this study are higher than that of polysaccharides irradiated in solution (50-200 kGy) [38, 39] but much lower than that of polysaccharides irradiated in the solid form (500-1000 kGy) [34] [35] [36] [37] . Table 1 indicate that the average body weight of chickens fed the diet containing 500 ppm nonirradiated β-glucan slightly increased, while the value of chickens fed irradiated β-glucan substantially increased compared to the untreated control. In addition, the feed conversion rate (FCR) of the broilers feeding by WSLMGs prepared at the irradiation doses of 200 and 300 kGy was significantly lower than those of the control and supplemented by the nonirradiated brewer's yeast β-glucan. Table 1 also demonstrates that the quality indexes of meat from chickens fed by irradiated β-glucans were better than those of meat from controls and chickens fed with unirradiated β-glucans. These data suggest that irradiated β-glucan can be used as a growth-promoting agent for the broiler chicken. Moreover, among the irradiated β-glucan samples, the sample irradiated at 200 kGy seems to be the most suitable (see Figure 5 ). The addition of WSLMG prepared by irradiation of 200 kGy (Mw~25 kDa) increased the average total body weight in approximately 40% of cases, the eviscerated rate in 5.7%, the carcass yield in 9.6%, the thigh yield in 5.6%, and the chest yield in 3% and reduced the feed conversion rate by 35.4% for each kg of chicken weight compared to the untreated control. Additionally, the results from Table 1 indicate that the survival rates of boilers fed with WSLMGs obtained by irradiation at 200 and 300 kGy were approximately 33.3% higher than that of the controls, while the survival rates of the broilers fed with nonirradiated β-glucan or β-glucan irradiated at 100 kGy only slightly increased the survival rates. These results align with those obtained in prior studies [8-10, 12, 13] .
Effect of Irradiated β-Glucan
β-Glucan has been reported to have positive effects on the immune systems of birds, animals, and humans, including promoting stimulation and modulation. In this study, β-glucan displayed stimulation effects on both specific and nonspecific immune responses. The results in Table 1 also indicate that the number of leukocyte, lymphocyte, and 
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The effect of irradiated β-glucan on specific immune systems of chickens was also investigated by analysing the anti-Gumboro disease, anti-Newcastle disease, and anti-infectious bronchitis virus antibody in the serum of the broilers. Table 1 shows that the contents of the antibodies targeting the viruses causing Gumboro, Newcastle, and infectious bronchitis diseases significantly increased after supplementation with irradiated β-glucan, and the highest contents of three checked antibodies are found in the serum of the chickens fed with WSLMG prepared from irradiated doses of 200 kGy.
Effect of WSLMG Concentration.
In this experiment, the WSLMG received from the 200 kGy-irradiated β-glucan sample, with Mw estimated at 25 kDa, was used to investigate beneficial concentrations in broilers. The results in Table 2 indicated that the supplementation of WSLMG from 250 to 1000 ppm significantly increased total body weight (from 100 to 245 g/bird, respectively) and survival rate (from 20 to 33.4%, respectively) but reduced the FCR (from 0.8 to 1.4 kg feed/kg body weight, respectively) in broilers after 8 weeks. The meat quality indexes were also found to be significantly increased in chickens supplemented with WSLMG in the range of 250 to 1000 ppm. Additionally, the cellular immunity indexes (i.e., number of WBCs, lymphocytes, and neutrophil ratio) in the blood and specific antibodies (NDV, IBDV, and IBV antibodies) in the serum of the chickens fed with WSLMG were significantly higher than those in the blood and serum of the control chickens, which led to higher survival ratios for supplemented broilers than for the untreated controls. Chae et al. [13] reported that the use of β-glucan up to 200 ppm did not have a significant effect on the growth or immune activity in tested broilers, while supplementation with 400 ppm increased weight gain, feed intake, and lymphocyte subpopulation in broilers as compared to the controls. Our results indicated that supplementation with 250 ppm WSLMG did not have stable effects on the growth, meat quality indexes, or immune activities, but these effects were found to be substantially higher after an increase in supplemented concentration from 500 to 1000 ppm. The 500 ppm of WSLMG as a feed additive seemed to be the most efficient concentration for applications with broiler.
Conclusions
Thus, γ-irradiation is a useful method for preparing water-soluble and low Mw β-glucan. The supplementation of feedstuff with WSLMG having Mw~25 kDa and prepared by γ-irradiation at 200 kGy not only improves the average body weight and meat quality but also reduces the FCR in chickens. The resulting product also stimulated both specific and nonspecific immune activities in the tested broiler chickens. The WSLMG product prepared by γ-irradiation demonstrates promise as a growth promotion and immunostimulation ingredient for producing value-added, quality feedstuffs for chickens.
Data Availability
The data used to support the findings of the water-soluble low molecular weight β-glucans of this study have been deposited in [12, 13, 29, 30, 40] . The data used to support the findings of the FTIR spectra of water-soluble low molecular weight β-glucan in this study have been deposited in [40, 41, 43] . Control: without irradiated β-glucan supplementation. Mean values followed by the same letter within a row are not statistically significantly different according to Duncan's multiple range test at P < 0 05.
